Analysis of circulating tumor DNA (ctDNA) is emerging as a powerful tool for guiding targeted therapy and monitoring tumor evolution in patients with non-small cell lung cancer (NSCLC), especially when representative tissue biopsies are not available. Here, we have compared the ability of four leading technology platforms to detect epidermal growth factor receptor (EGFR) mutations (L858R, exon 19 deletion, T790M and G719X) in ctDNA from NSCLC patients. Two amplification refractory mutation systems (cobas-ARMS and ADx-ARMS), a droplet digital polymerase chain reaction (ddPCR) and a next-generation sequencing (Firefly NGS) platform were included in the comparison. Fifteen EGFR mutations across twenty NSCLC patients were identified. Firefly NGS, cobas-ARMS and ddPCR all displayed superior sensitivity while ADx-ARMS was better suited for the qualitative detection of EGFR mutations with allele frequency higher than 1% in plasma and tissue samples. We observed high coincidence between the plasma and tissue EGFR mutational profiles for three driver mutations (L858R, exon 19 deletion and G719X) that are known targets of first generation EGFR-TKI therapies among patients who relapsed. Discrepancies between tissue and plasma EGFR mutational profiles were mainly attributable to spatial and temporal tumor heterogeneity, mutation inhibition due to therapy response and drug resistance (T790M). This study illustrates the challenges associated with selection of a technology platform for EGFR ctDNA analysis in the context of treatment evaluation and drug resistance detection.
Introduction
Somatic mutations in epidermal growth factor receptor (EGFR) play a significant role as both biomarkers and rational targets for targeted therapy in non-small cell lung cancer (NSCLC) [1, 2] . New therapies, such as EGFR-TKIs, are emerging as treatment for EGFR-mutated NSCLC [3] , and an increasing number of patients are receiving multiple lines of EGFR-targeted therapy. At the same time, the Ivyspring International Publisher evolutionary trajectory of tumor subclones under selection pressures, such as EGFR inhibition, with either intrinsic or acquired resistance can be selected and drive disease progression. Thus, there is increasing demand for accurate EGFR mutation profiles that will help to inform therapeutic decision-making.
Current recommendations are to detect EGFR mutations in fresh, frozen or formalin-fixed paraffin-embedded (FFPE) tissue from a solid biopsy. However, nearly two-thirds of patients with NSCLC are already at an advanced stage at the time of diagnosis, and surgical biopsy procedures are usually not feasible. Therefore, sufficient tumor tissues for multiplex EGFR mutations analysis are difficult to obtain [4] . Additionally, because of spatial and temporal heterogeneity, mutation analysis from initial tumor tissue samples at diagnosis is not suitable for therapeutic guidance throughout the entire process of treatment, especially after disease progression. For these reasons, new methods for deriving EGFR mutational profiles from alternative sources, such as plasma [5] [6] [7] , pleural fluid [8] , sputum [9] , urine [10, 11] and cerebrospinal fluid [12, 13] which collectively are often referred to as 'liquid biopsies', are being developed.
Of the alternative sources tested, plasma has been shown to be most promising [14] . The abundance of circulating tumor DNA (ctDNA) varies from 0.1% to 67% in patients with regional and more advanced cancer, and is even lower (0.01%) in patients with localized cancer [15] [16] [17] [18] . Thus, a highly sensitive method for detection of EGFR mutations in ctDNA is essential. Multiple studies have reported that EGFR mutations can be detected in ctDNA using diverse technologies [19] . Compared with the detection of EGFR mutations from tissue samples, ctDNA tests have a sensitivity of 46%-82%, a specificity of 90%-99% and total coincidence rate of 78%-88% in assessing EGFR mutations [20] .
Commonly used technologies for plasma EGFR analysis include amplification refractory mutation system (ARMS), droplet digital PCR (ddPCR) and next-generation sequencing (NGS)-based methods [21] [22] [23] . These methods differ significantly in sensitivity, specificity and coverage of EGFR mutations [24, 25] . ADx-ARMS (ADx ® EGFR 29 Mutations Detection Kit), which can detect 1% mutant DNA in a background of 99% normal DNA [26] , has been approved for clinical use in China by the China Federal Drug Administration (CFDA). Cobas-ARMS (cobas ® EGFR Mutation Test v2) has been approved by the U. S. Food and Drug Administration (FDA) for the detection of exon 19 deletions and L858R substitution mutations in plasma. In contrast, ddPCR and NGS-based methods have not been approved by the FDA or CFDA, but are widely used in research settings due to their quantitative advantage. While ddPCR has unparalleled sensitivity (0.04%-0.1%) [7, 27] , it can detect only one locus per reaction well limiting its use in multiplex tests. NGS-based methods, such as Firefly NGS, have demonstrated performance sensitivity comparable to that of ddPCR without the same limitation in multiplex testing.
A performance comparison of these various technologies in detecting EGFR mutations in ctDNA is crucial for optimizing the use of liquid biopsies for NSCLC in a clinical setting. Here, we report a performance comparison between four techniques (ADx-ARMS, cobas-ARMS, ddPCR and Firefly NGS) in detecting clinically-relevant EGFR mutations in tumor tissue and plasma collected from NSCLC patients.
Materials and Methods

Tissue and blood samples
Tissue and blood samples were obtained from 20 NSCLC patients (age range 37-76 years) treated at the Department of Thoracic Surgery I, Peking University Cancer Hospital & Institute, from July 2009 to November 2015. Patients were considered for inclusion if they met the following criteria: were newly diagnosed with advanced or recurrent or multiple primary NSCLC, had available surgical resected tumor tissue samples and a minimum of 205ng of cfDNA, had complete medical documentation including follow-up records and EGFR status of tissue tested by ADx-ARMS. To include various scenarios a clinician may encounter in daily practice and maximize the representation of all plasma EGFR mutation levels, we enrolled patients with different clinical responses during treatment. To increase representation of drug resistance mutations such as T790M, we included patients that were receiving treatment with TKI. The study was conducted in accordance with Declaration of Helsinki principles, and approved by the Institutional Review Board of Peking University Cancer Hospital & Institute. All subjects gave written informed consent.
Tissue samples included resected primary or metastatic pulmonary, metastatic lymph nodal or pleural lesions. The percentage of tumor cells out of all nucleated cells was assessed in a 4 μm section after hematoxylin and eosin staining by a senior pathologist. Samples with at least 10% tumor cells were considered for further tissue DNA analysis through standard NGS; patients with less than 10% tumor cells in the tissue samples underwent only cfDNA analysis. Treatment efficacy was evaluated by Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [28] .
In total, 20 ml of venous blood was collected into two 10-mL Streck Cell-Free DNA BCT tubes (Streck Co., Omaha, NE, USA). Within two hours of blood collection, blood was centrifuged at 1,900 g for 10 minutes at 4°C to separate the plasma from the peripheral blood cells. The plasma was then further centrifuged at 16,000 g for 10 minutes at 4°C to pellet any remaining cells. Then, the upper phase from plasma and the peripheral blood cells were collected in several new 5-mL sterile Eppendorf tubes. The peripheral blood cells from the first spin were used for isolation of germline genomic DNA from peripheral blood leukocytes [29] . All tubes were labeled with the corresponding patient name and the date of sample collection and immediately stored at −80°C until DNA isolation.
Tumor tissue, white blood cells genomic DNA and cfDNA extraction Tumor tissue genomic DNA was extracted from 10 FFPE slides using the QIAamp DNA FFPE Tissue Kit (Qiagen, Venlo, The Netherlands). White blood cells genomic DNA was extracted from 100ul of buffy coat using the QIAamp DNA Blood Maxi Kit (Qiagen, Venlo, The Netherlands). cfDNA was extracted from 8.0 mL -10.8 mL of plasma using the QIAamp Circulating Nucleic Acid Kit (Qiagen, Venlo, The Netherlands). All DNA was extracted in accordance with manufacturer's instructions and quantified using a Qubit fluorometer (Life Technologies, Carlsbad, CA, USA). Extracted DNA was stored at −80°C until use.
Standard NGS analysis for genomic DNA from white blood cells and tumor tissue
Genomic DNA was sonicated into fragments with a peak length of 200bp. 100ng of fragmented genomic DNA was used for NGS library construction using KAPA sequencing library construction kit (Kapa Biosystems, Boston, MA, USA). Genomic DNA NGS library was then captured by Accu-Act panel (AccuraGen Inc., Shanghai, China) and sequenced with 100 bp paired-end runs on an Illumina HiSeq 2500 system (Illumina, San Diego, CA, USA). The average coverage depth for all probes was at least 500X.
ADx-ARMS for genomic DNA from tumor tissue
EGFR status of tumor tissue using ADx-ARMS assay was obtained from patient records stored at Peking University Cancer Hospital & Institute. ADx-ARMS protocol for tissue genomic DNA was the same as that for cfDNA.
ADx-ARMS, cobas-ARMS, ddPCR and Firefly NGS analysis for cfDNA from plasma
Two AmoyDx ® EGFR 29 Mutations Detection Kits (ADx-ARMS) and one cobas ® EGFR Mutation Test v2 (cobas-ARMS) were used for plasma EGFR detection in accordance with the manufacturer's instructions. The ddPCR assays (L858R, exon 19 deletion, T790M and G719X) were performed using a QX200 Droplet Digital PCR System (Bio-Rad Laboratories Inc., Hercules, CA, USA). Allele frequencies were analyzed using QuantaSoft v1.6 (Bio-Rad Laboratories Inc., Hercules, CA, USA). Firefly NGS (Accu-Act) assay was performed based on AccuraGen's circularized cfDNA technology (AccuraGen Inc., Shanghai, China). Details of these four methods, determination of the EGFR mutant and wild type loci and coincidence rates are supplied in Supplementary Materials and Methods.
Statistical analysis
Fisher's exact test was used to compare the detection rates of the four platforms and the positive and negative coincidence rates between six pairs. Paired t-test was used to compare the sensitivity and specificity of the four platforms in detecting four types of EGFR mutations. Spearman's rank correlation coefficient was used to determine the strength of association between the allele frequencies of plasma EGFR mutations determined via ddPCR and Firefly NGS. Differences were considered statistically significant when p < 0.05. All calculations were performed with SPSS for Windows (version 19.0; SPSS Inc., Chicago, IL, USA), and figures were created using GraphPad Prism (version 5.0; GraphPad, San Diego, CA).
Results
Patient characteristics
A total of twenty NSCLC patients were enrolled, of whom thirteen (65%) with regional (n = 8) or distant (n = 5) recurrence after surgery, and seven (35%) with distant metastatic disease (n = 6) or multiple primary lung cancer (n = 1). The spatial and temporal characteristics of tissue and plasma sampling are shown in Table 1 and Supplementary  Table S1 . Blood samples from fifteen patients (75%) were obtained during systemic therapy, and the other five were obtained prior to the initiation of treatment.
Detection rates of ADx-ARMS, cobas-ARMS, ddPCR and Firefly NGS platforms
Fifteen EGFR mutations were found among 20 patients across four platforms. The overall detection rate of ADx-ARMS, cobas-ARMS, ddPCR and Firefly NGS was 46.7% (7/15), 73.3% (11/15), 66.7% (10/15) and 80% (12/15), respectively (χ 2 = 3.972, p = 0.318) ( Figure 1A ).
According to the allele frequency (< 1% vs. ≥ 1%), thirteen EGFR alterations were divided into two subgroups (7 vs. 6) , and the other two EGFR alterations with unknown allele frequencies tested solely by ADx-ARMS (S2 in table 2) or cobas-ARMS (S9 in table 2) were excluded. In the lower allele frequency subgroup, the detection rate of ADx-ARMS, cobas-ARMS, ddPCR and Firefly NGS was 14.3% (1/7), 71.4% (5/7), 71.4% (5/7) and 85.7% (6/7), respectively (χ 2 = 8.138, p = 0.047). Though the detection rate of ADx-ARMS was significantly lower than that of the other three platforms, there was no significant performance difference between cobas-ARMS, ddPCR and Firefly NGS. In the higher allele frequency subgroup, the detection rate of ADx-ARMS, cobas-ARMS, ddPCR and Firefly NGS was 83.3% (5/6), 83.3% (5/6), 83.3% (5/6) and 100% (6/6), respectively. There was no statistically significant difference between the ability of all four platforms to detect each of the four EGFR mutation types ( Figure 1C ).
Positive and negative coincidence rates across platforms
In the lower allele frequency subgroup, the positive coincidence rate of each pair-wise platform comparison ranged from 16.7% to 100%. Those three pairs, ADx-ARMS vs. cobas-ARMS, ADx-ARMS vs. ddPCR and ADx-ARMS vs. Firefly NGS, presented the lowest positive coincidence with rates of 20% (1/5), 20% (1/5) and 16.7% (1/6), respectively (χ 2 = 0.484, p = 1.000). With the exclusion of sample S9 due to lack of allele frequency data, cobas-ARMS and ddPCR demonstrated the highest positive coincidence rate (100%, 5/5) (Figure 2A ). In the higher allele frequency subgroup, the positive coincidence rate of each pair-wise platform comparison ranged from 66.7% to 100%. No statistically significant difference was found among the six pairs. The platform pair with the greatest concordance was again cobas-ARMS and ddPCR, yielding identical results (100%, 5/5) (Figure 2A) .
A total of seventy-five EGFR wild-type loci were detected in this study. ADx-ARMS, cobas-ARMS, ddPCR and Firefly NGS uncovered 73, 69, 70 and 68 EGFR wild-type loci, respectively. The negative coincidence rate of each pair-wise comparison was all higher than 90%. No statistically significant difference was found among the six paired comparisons ( Figure  2B ). (25) a, 7th edition AJCC/UICC TNM staging system for NSCLC was applied accordingly. The stage of tissue and plasma sampling time-point was recorded respectively; b, the L858R/exon 19 deletion double mutation was found in one case; c, the exon 19 deletion/T790M double mutation was found in one case.
Coincidence between ADx-ARMS and standard NGS in tumor tissue analysis
EGFR mutation analysis was conducted in tumor tissue using two methods: ADx-ARMS and standard NGS. ADx-ARMS analysis was performed at the time of initial tumor biopsy, and patients had been treated based on this result. Standard NGS was performed at a later date on subsequent slides for all patients (S1-S20); two of which had insufficient tissue genomic DNA (S8) or no tumor content in the slide (S12) for standard NGS analysis, and three of which (S5, S6 and S15) had spatially (S6 and S15) or temporally (S5) different tissues sampling for ADx-ARMS and standard NGS assay. Thus, we analyzed the coincidence between the historical ADx-ARMS and the current NGS-based EGFR mutation results in fifteen patients. We observed a coincidence of 93.3% (14/15) between the two methods (Table 2) ; however, in one case (S3), L858R and exon 19 deletion double mutations were identified by ADx-ARMS, but only the exon 19 deletion was identified by standard NGS. 
Comparison of EGFR mutational profiles from plasma and tumor tissue
We compared the EGFR mutational profiles observed in plasma and tumor tissue samples for all twenty cases. The time between tissue and blood sampling ranged from 0 to 13 years, with seven (35%) patients sampled 0-1 year apart, five (25%) sampled 1-3 years apart, six (30%) sampled 3-6 years apart, and two (10%) sampled ≥ 6 years apart ( Table 2) .
The four platforms detected a total of three L858Rs, six exon 19 deletions, five T790Ms and one G719X across the cohort. Meanwhile, three L858Rs, five exon 19 deletions and one G719X were definitely diagnosed in the matched tissues. In order to determine the coincidence between tissue and plasma EGFR mutational profiles, we assessed how often EGFR mutations were observed in plasma but not in tumor tissue. For cobas-ARMS, ddPCR and Firefly NGS, the L858R, exon 19 deletion and G719X mutations observed in plasma were also seen in tumor tissue samples, demonstrating a high coincidence between plasma and tumor tissue mutational profiles. There was one disagreement of the exon 19 deletion, which was identified only by cobas-ARMS in plasma, whereas the tissue assay result was L858R (S9). In addition, the plasma mutational profiles varied across the three technology platforms in only one case (S6).
A different pattern was observed for the T790M mutation, a well-characterized drug resistance mutation that has been shown to arise in response to treatment [30] . There were five disagreements of T790M, of which one was detected by ADx-ARMS only (S2), two were detected by Firefly NGS only (S6, S16), and two were detected by all four platforms (S7, S8). Of note, patients S7 and S8 were both offered first generation EGFR-TKIs. Within five months post-sampling, S7 developed brain metastasis, and S8 died of lung cancer.
Finally, ten patients with EGFR wild-type in plasma, carried L858R (S10 -S12), exon 19 deletion (S13 -S15) or wild-type (S17 -S20) in their paired tissue samples (Table 2) .
Total coincidence rate of EGFR variants in tumor tissue and plasma
Seventeen patients with stage IV disease at blood sampling were enrolled to determine the total coincidence rates of EGFR mutational profiles between tissue and plasma. For patients S5 and S6, their tissue test results from ADx-ARMS and standard NGS were inconsistent because the samples were collected at different times and from different tumors. ADx-ARMS and standard NGS data of patient S5 and S6 was both used as the reference, but one case with two different EGFR mutation types using ADx-ARMS and standard NGS was considered as two cases with only one EGFR mutation type each. For the other fifteen patients, the tissue test results obtained from ADx-ARMS were used as the reference. However, two patients with double mutations (S3, S4) were also considered as four cases with only one EGFR mutation type each. As a result, twenty-one cases were analyzed. Using the tissue EGFR mutational profiles for three driver mutations (L858R, exon 19 deletion and G719X) as a reference, the sensitivity, specificity and total coincidence rate of ctDNA assays were 26.7% -53.3%, 100% and 45% -65%, respectively (Supplementary Table S2 ). Of note, the sensitivity of the exon 19 deletion assay (50% -83.3%) was higher than that of the L858R (12.5% -37.5%, p = 0.008) and T790M (0%, p = 0.003) assays. Furthermore, the T790M assay had a lower specificity (80.0% -90.0%), compared with the L858R (100%, p = 0.010) and exon 19 deletion (93.3% -100%, p = 0.043) assays (Table 3) . Table 2 . EGFR mutation profiles in tissue and plasma.
L858R mutation, the number represents the allele frequency of the L858R mutation; Exon 19 deletion mutation, the number represents the allele frequency of the exon 19 deletion mutation; T790M mutation, the number represents the allele frequency of the T790M mutation; G719X mutation, the number represents the allele frequency of the G719X mutation. a, the primary tumor tissue was used for ADx-ARMS, but the pleural metastasis sample was used for standard NGS; b, the patient had multiple primary tumors; c, the amount of DNA was not sufficient for standard NGS; d, there was no tumor content in the slide; e, the first radiologic evaluation after this plasma sampling; f, L858R was positive in an additional ddPCR testing. N/A, result of standard NGS was not available; TT, targeted therapy, targeted drugs that patients took in this study are first generation EGFR-TKIs; CT, chemotherapy; None, the patient took no systemic therapy when blood was collected; RECIST, Response Evaluation Criteria in Solid Tumors; PR, partial response; SD, stable disease; PD, progressive disease. *Seventeen patients with stage IV disease at blood sampling were enrolled to determine the total coincidence rates of EGFR mutation profiles between tissue and plasma. For patients S5 and S6, their tissue test results from ADx-ARMS and standard NGS were both used as the reference, but one case with two different EGFR mutation types using ADx-ARMS and standard NGS was considered as two cases with only one EGFR mutation type each. For the other fifteen patients, the tissue test results obtained from ADx-ARMS were used as the reference. However, two patients with double mutations (S3, S4) were also considered as four cases with only one EGFR mutation type each. As a result, twenty-one cases were analyzed.
Discussion
In this study, we conducted a performance comparison of four leading platforms for detecting EGFR mutations with different allele frequencies. We demonstrated the superior sensitivity and specificity of cobas-ARMS, ddPCR and Firefly NGS platforms. In contrast, ADx-ARMS was better suited for the qualitative detection of EGFR mutations with allele frequency exceeding 1% in plasma and tissue samples. To our knowledge, the current study is the first comparison of two ARMS, a ddPCR and a NGS-based platform in this field.
We first compared the sensitivity of each technology platform in the higher allele frequency (≥1%) and lower allele frequency (<1%) subgroups. For the higher allele frequency variants, the four technology platforms demonstrated similar plasma detection rates ranging between 83.3% and 100%. However, there was a clear separation between detection rates when analyzing the lower allele frequency subgroup. The detection rates for the cobas-ARMS, ddPCR and Firefly NGS platforms ranged between 71.4% and 85.7%. In contrast, the detection rate of ADx-ARMS was only 14.3%. These results demonstrate that cobas-ARMS, ddPCR and Firefly NGS methods have higher detection limits compared with ADx-ARMS.
A high coincidence rate (91%, 10/11) was observed between cobas-ARMS and ddPCR in our study, in keeping with previous investigations [24] . Moreover, the two ctDNA quantitation methods, Firefly NGS and ddPCR, yielded excellent positive coincidence rates in this study, even for the analysis of low-template copies. The frequencies of ctDNA calculated by the two methods were highly correlated (Spearman Correlation, R 2 = 0.98, p < 0.0001, Supplementary Figure S1 ), consistent with previous reports [31] . Thus, the Firefly NGS platform demonstrates equivalent sensitivity to ddPCR, the most sensitive platform for EGFR mutational profiling.
We compared the EGFR mutational profiles between the plasma and tumor tissue samples and observed diverging platform-specific behavior, which must be interpreted within the context of the assay's sensitivity and the inherent biological properties of the EGFR mutation of interest. First, among the three higher-sensitivity assays (cobas-ARMS, ddPCR and Firefly NGS), we observed a high coincidence between the plasma and tissue mutational profiles for three driver mutations that can be identified in primary tumor and are known targets of first generation EGFR-TKI therapies (L858R, exon 19 deletion and G719X). All L858R, exon 19 deletion and G719X mutations observed in plasma were confirmed in tissue samples. There was one discordance for the exon 19 deletion, which was identified only by cobas-ARMS in plasma, whereas only the L858R was detected in tumor tissue by both ADx-ARMS and standard NGS (S9). This result can be explained by sampling error, but is likely a false positive because it was not detected by the assays with higher sensitivity.
A second pattern of discordances emerged in the analysis of T790M mutation. We observed five discordances for T790M, of which two were detected by all four platforms (S7, S8), two were detected by Firefly NGS only (S6, S16), and one was detected by ADx-ARMS only (S2). The T790M mutation has been shown to appear in response to first generation EGFR-TKI therapies [30] . In Patients S7 and S8, the T790M mutations were observed in plasma across all four platforms, and is likely reflective of acquired first generation EGFR-TKI resistance, as described previously [32] .
Two patients (S6, S16) were characterized as T790M-positive using Firefly NGS, but T790M-negative using the other three methods. In the case of S16, T790M might represent a false-positive based on a subsequent ddPCR-negative result. This false positive may be explained by either the inherent biological properties of the sample, as T790M transition mutations have been shown to arise from the spontaneous deamination of cytosine and 5-mC [33] , or a technical artifact caused by assay or algorithmic features. In the case of S6, insufficient quantities of cfDNA inhibited the verification of T790M through additional ddPCR testing. Given the high background signal (0.5%) of T790M in peripheral blood specimens from normal donors [34] , the detection of T790M may be mitigated via threshold optimization. The patient for S6 received treatment with first-generation EGFR-TKI creating the possibility that a rare event -a newly emerged drug-resistant mutation -was detected. Sampling bias resulting from limited ctDNA access may have also contributed to the negative results reported by the other platforms. These results suggest that positive T790M results should be followed-up with a confirmatory test both at the assay level as well as an additional blood draw at a later time point, prior to clinical action.
Moreover, S6 presented with multiple primary lung cancer and presented either the L858R (standard NGS) or exon 19 deletion (ADx-ARMS) in two different spatially separated tissues suggesting the spatial tumor heterogeneity [35, 36] . For S6's cfDNA analysis, ddPCR and cobas-ARMS only reported exon 19 deletion from the initial test, and Firefly NGS and ADx-ARMS reported L858R mutation. Accordingly, the plasma might contain L858R and exon 19 deletion double mutations. The L858R in plasma was reported to be positive in an additional ddPCR confirmation test, but the exon 19 deletion in plasma was not validated due to insufficient quantities of cfDNA. This discrepancy between the results of ddPCR and Firefly NGS on L858R and exon 19 deletion in the initial experiment may be the result of random Poisson sampling errors given the low abundance of ctDNA [37, 38] .
In the final T790M discordance, ADx-ARMS found a T790M-positive case (S2) that was identified to be L858R-positive in tumor tissue and plasma using the other three platforms. Given the relative sensitivities of the platforms, this is likely a false-positive.
Finally, six patients with EGFR wild-type in plasma carried L858R (S10 -S12) or exon 19 deletion (S13 -S15) in their tissue. Of the six, four (S10 -S13) were responsive to treatment thus explaining the absence of mutations in plasma samples. The remaining two patients (S14, S15) were Stage IA treatment naïve, and the discrepancy between the initial tissue biopsy and plasma EGFR mutation profiles may have arisen from the limited availability of ctDNA in the blood stream of early stage patients (Supplementary Table S1 ).
Compared with the EGFR mutational profiles of tissue samples, ctDNA tests had a total coincidence rate of 45% -65%, which was lower than that found in earlier studies (57% -97%) [17, 24, 39] . One possible explanation can be found in the temporal tumor heterogeneity, such as sampling time interval variations between peripheral blood and tumor tissue. An additional explanation may be a change in EGFR mutation frequency previously observed in patients undergoing chemotherapy [40] or EGFR-TKI [41] therapy. 70% (14/20) patients included in this study were undergoing at least one of these two forms of treatment.
In addition to temporal heterogeneity, spatial heterogeneity within a tumor sample is a key factor in assessing the clinical relevance of ctDNA testing. The limitations associated with sampling heterogeneous tumors have been well-studied and are a major drawback of tissue biopsy-based mutation testing [36] . Studies have shown that primary and metastatic sites have varying genetic compositions [42] , which is consistent with our findings. In patient S5, we identified an exon 19 deletion in primary lung tumor tissue and a G719X mutation in pleural lesions and blood samples post-metastasis. After three years of first generation EGFR-TKIs treatment, the disease progressed. Importantly, all three higher sensitivity technology platforms only detected the G719X mutation in the plasma at the time of disease progression. These results suggest that ctDNA testing offers more accurate mutational profiles after treatment, compared with the initial tissue biopsy, which has clear implications for clinical decision-making.
In addition, we evaluated whether mutational profiles in ctDNA were predictive of imminent relapse, as shown by other groups [41] [42] [43] . Tumor tissue and plasma samples from two patients (S7, S8) were observed. Tissue sample profiling detected only the exon 19 deletion, while exon 19/T790M double mutation was detected in plasma samples obtained approximately two years later. Both patients deteriorated significantly within five months post-sampling despite being diagnosed as having either stable disease or partial response. These results provide further support for the role of liquid biopsy testing in relapse prediction and clinical decision-making.
Another critical consideration in evaluating the comparative advantages of one technology over another is its regulatory status. Among the four platforms tested, only ADx-ARMS and cobas-ARMS are approved for EGFR mutation testing. Operationally, both methods have rapid turnaround times and simple workflows which require limited technical expertise. ADx-ARMS is the more affordable platform between the two though with a lower sensitivity. Another consideration is the testing panel's breadth. Cobas-ARMS and ddPCR also have fast turnaround times and high performance sensitivity, but neither is compatible with a comprehensive mutation assay which presents a challenge especially when the quantity of cfDNA sample is limited. At present, cobas-ARMS can only test for EGFR variants, and ddPCR can test one variant at a time and cannot assay EGFR mutations such as the exon 20 insertion.
In contrast, NGS-based techniques are both highly-sensitive and able to cover a breadth of mutations including all EGFR variants and other clinically-important genes such as ALK, ROS, RET, KRAS and BRAF [44] . Furthermore, NGS-based methods can be multiplexed and can be easily expanded to accommodate an increasing number of druggable mutations [45] . NGS-based methods, however, are more costly than ARMS and ddPCR methods with longer turnaround times. Additional studies are needed to investigate the clinical relevance of ultra-sensitive variant data and inform the cost-benefit analysis of platform selection.
There were several limitations to this study. First, parallel analysis of tumor tissue and plasma was not performed and most patients were enrolled while undergoing treatment. Second, our sample size was small and a larger follow-up study is needed to validate our findings. Third, only a small fraction of the assays was repeated due to limitations in cfDNA availability.
In conclusion, our study provides a comparative evaluation of four major technologies, ADx-ARMS, cobas-ARMS, ddPCR and Firefly NGS, for EGFR mutation detection in ctDNA from NSCLC patients. Despite the limited sample size, the cases are representative of the larger patient population and therefore can provide valuable insight into the role of ctDNA analysis in the treatment of cancer. This small data set illustrates some of the many advantages that liquid biopsy provides within the context of treatment evaluation and drug resistance detection. The cases that we reported here will contribute to the growing body of knowledge of the role of ctDNA detection in the treatment of cancer patients. Further study is needed to establish guidelines on how the detection of cancer related variants -such as EGFR mutational profiling -in ctDNA can be incorporated into existing clinical treatment paradigms.
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